Understanding the contribution of forest ecosystems to regulating greenhouse gas emissions and maintaining the atmospheric CO 2 balance requires the accurate quantification of above-ground biomass (AGB) at the individual tree species level. The main objective of this study was to develop species-specific allometric equations for the total AGB and various biomass components, including stem, branch, and foliage biomass in Khangai region, northern Mongolia. We destructively sampled a total of 183 trees of five species (22-74 trees per species), including Siberian stone pine (Pinus sibirica Du Tour.), Asian white birch (Betula platyphylla Sukacz.), Mongolian poplar (Populus suaveolens Fisch.), Siberian spruce (Picea obovata Ldb.), and Siberian larch (Larix sibirica Ldb.), across this region. The results showed that for the five species, the average biomass proportion for the stems was 75%, followed by branches at 20% and foliage at 5%. The species-specific component and total AGB models for the Khangai region were developed using tree diameter at breast height (D) and D 2 and tree height (H) combined (D 2 H); and both D and H were used as independent variables. The best allometric model was lnŶ = lna + b × lnD + c × lnH for the various components and total AGB of B. platyphylla and L. sibirica, for the stems and total AGB of P. suaveolens, and for the stem and branch biomass of P. obovata. The equation lnŶ = lna + b × ln(D 2 × H) was best for the various components and total AGB of P. sibirica, for the branch and foliage biomass of P. suaveolens, and for AGB of P. obovata. The equation lnŶ = lna + b × ln(D) was best only for the foliage biomass of P. obovata. Our results highlight that developing species-specific tree AGB models is very important for accurately estimating the biomass in the Khangai forest region of Mongolia. Our biomass models will be used at the tree level inventories with sample plots in the Khangai forest region.
Introduction
Forest ecosystems play a dual role in global and regional carbon (C) cycles due to their capacity for C storage and high productivity [1, 2] . One of the important characteristics of forest ecosystems is biomass, which plays an important role in biogeochemical cycles, ecosystem function and the formation of community structure [3] [4] [5] [6] . In the context of global climate change, quantifying and A field study was carried out in the Khangai forest vegetation region of Mongolia (Figure 1 ). The Khangai region occupies the central part of northern Mongolia (between 47 • -51 • N and 96 • -100 • E). The highest peak in the Khangai Mountains is Otgontenger, which reaches 4031 m a.s.l., and medium-elevation mountain ranges such as Tarbagatai (3240 m), Bulnai (2619 m), Khan-Khukhi (1928 m) and Buren (1980 m) are also found in the region. Darkhat's depression (1550 m a.s.l.) located in the northern part of Khangai region is surrounded by mountains. The altitude levels in the territory predominately range between 1800-2000 m a.s.l., but the altitude in the north-eastern part is 1200-1400 m a.s.l. The mean annual temperature is −1.3 to −6.5 • C, the monthly average temperature is −22.2 • C to −32.3 • C in January and 14.6 to 17.3 • C in July, the mean annual precipitation is 220-311 mm, and the mean annual relative humidity is 56%-59% [17, 23] . The peculiarities of the continental climate, the orographic situation, and widely spread mountain steppes determine the vegetation distribution patterns in the Khangai region and displace forest vegetation to the cooler and moister northern slopes [24] .
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Study Area
A field study was carried out in the Khangai forest vegetation region of Mongolia (Figure 1 ). The Khangai region occupies the central part of northern Mongolia (between 47°-51° N and 96°-100° E). The highest peak in the Khangai Mountains is Otgontenger, which reaches 4031 m a.s.l., and mediumelevation mountain ranges such as Tarbagatai (3240 m), Bulnai (2619 m), Khan-Khukhi (1928 m) and Buren (1980 m) are also found in the region. Darkhat's depression (1550 m a.s.l.) located in the northern part of Khangai region is surrounded by mountains. The altitude levels in the territory predominately range between 1800-2000 m a.s.l., but the altitude in the north-eastern part is 1200-1400 m a.s.l. The mean annual temperature is −1.3 to −6.5 °C, the monthly average temperature is −22.2 °C to −32.3 °C in January and 14.6 to 17.3 °C in July, the mean annual precipitation is 220-311 mm, and the mean annual relative humidity is 56%-59% [17, 23] . The peculiarities of the continental climate, the orographic situation, and widely spread mountain steppes determine the vegetation distribution patterns in the Khangai region and displace forest vegetation to the cooler and moister northern slopes [24] . 
Data Collection
During the field study from 2013 to 2017, a total of 183 sample trees of five species were felled from 26 sample plots and measured in July and August (Figure 1 ). There were 23 sample trees of Siberian stone pine, 27 sample trees of Asian white birch, 37 sample trees of Mongolian poplar, 22 sample trees of Siberian spruce, and 74 sample trees of Siberian larch ( Table 1 ). The field study was carried out in the most typical forest stands in the Khangai region of Mongolia. A total of 26 circular plots were established, in which there were three plots of P. sibirica forest, four plots of B. platyphylla forest, five plots of P. suaveolens forest, three plots of P. obovata forest and 11 plots of L. sibirica forest. The radius of each circular was 20 m. After recording the tree diameters, from 19 sample plots, 5-12 
During the field study from 2013 to 2017, a total of 183 sample trees of five species were felled from 26 sample plots and measured in July and August (Figure 1 ). There were 23 sample trees of Siberian stone pine, 27 sample trees of Asian white birch, 37 sample trees of Mongolian poplar, 22 sample trees of Siberian spruce, and 74 sample trees of Siberian larch ( Table 1 ). The field study was carried out in the most typical forest stands in the Khangai region of Mongolia. A total of 26 circular plots were established, in which there were three plots of P. sibirica forest, four plots of B. platyphylla forest, five plots of P. suaveolens forest, three plots of P. obovata forest and 11 plots of L. sibirica forest. The radius of each circular was 20 m. After recording the tree diameters, from 19 sample plots, 5-12 sample trees for each species were selected to be proportional to the number of trees of diameter classes. From four plots, two to three trees representing the mean diameter were selected; also one dominant tree, two intermediate-size trees and one suppressed tree were selected from three sample plots for felling ( Table 1 ). The selected trees were destructively sampled from each plot. The ages of the felled trees were determined by counting the tree rings on the 0.3 m high stumps. The crown of each felled tree was equally divided into top, middle and bottom sections, and all branches in each section were removed from the trunk separately. The stem of each tree was cross-cut at 1-2 m intervals. The fresh weights of the living branches in the crown sections as well as the stems were measured separately using a hanging balance in the field with a precision of ±100 g. A sample branch with an average size was selected from the crown sections, and the branches and foliage were separated and weighed in the field with a precision of ±0.5 g. Sub-samples (50-100 g) from the branches and foliage of each crown section were taken and weighed with a precision of ±0.1 g. At the end of the stem sections, approximately 3 cm-thick discs were cut and weighed. All sub-samples were taken to the laboratory, oven-dried to a constant weight at 105 • C and weighed. The dry biomass of stems, branches, and foliage were computed by multiplying the fresh weight of each component by the dry/fresh weight ratio of corresponding sub-samples. The main characteristics of the sample trees are presented in Table 2 . 
Statistical Analysis
Three commonly used allometric models [21, [25] [26] [27] were tested for estimating each component and the AGB of trees using the diameter at breast height (D in cm) and tree height (H in m):
whereŶ is the predicted tree biomass value in kg and a, b and c are the fitted parameters.
In forest biomass studies, the error variances for the allometric nonlinear equations based on arithmetical units of measurement are not constant over all observations (heteroscedasticity) in most cases [28] . Using log-transformed data for linear regressions when estimating the parameters in nonlinear models is one of the most commonly used methods for eliminating the influences of heteroscedasticity [7, [29] [30] [31] . Consequently, Equations (1) to (3) were linearized using logarithms in the following equations:
where lnŶ is the predicted tree biomass value in the logarithmic unit and lna, b and c are the fitted parameters. Log-transformed linear regression Equations (4) to (6) have commonly been used for modelling above-ground tree biomass in many studies [20, 27, 32, 33] . Models were calculated separately for the Forests 2019, 10, 661 6 of 17 stems, branches, foliage and AGB. The antilog transformation of the predicted logarithmic values to arithmetic units leads to a systematic bias that can generally be corrected with the following correction factor [28, 34] :
where CF is the correction, RMSE is the root mean square error from the logarithmic regression, and n is the sample size. For selecting the best model for the total biomass and each biomass component of the trees, we used model fitting and performance statistics such as the coefficient of determination (R 2 ), RMSE, mean absolute bias (MAB), and Akaike information criteria (AICc):
where lnY is the observed log-transformed biomass value, lnŶ is the predicted log-transformed biomass value from the fitted model, n is the sample size, lnȲ is the mean of the observed log-transformed biomass value, p is the number of terms in the model, RSS is the residual sum of squares from the fitted model, k is the number of parameters, ∆AICc i is the AICc difference, and ∆AICc min is the minimum of the AICc values for the R models. High R 2 values, small RMSE, MAB, and AICc values and a ∆AICc i = 0 indicate high model precision.
Considering our small sample size, we used the leave-one-out method to cross-validate our best equations [35, 36] .
Results
AGB of Tree Species and Biomass Partitioning
The total AGB was highest in P. suaveolens (263 ± 43 kg), followed by L. sibirica (256 ± 35 kg), P. obovata (242 ± 49 kg), P. sibirica (223 ± 43 kg) and B. platyphylla (134 ± 29 kg) in the Khangai region ( Table 2 ). The average biomass proportion in the stems was 75%, followed by 20% in the branches and 5% in the foliage when the five tree species were combined ( Table 3 ). The partitioning of total tree AGB into the biomass of the tree components for the five species across diameter classes is shown in Figure 2 . The results indicated that the biomass proportion was largest in the stems for each of the five species (64%-88%), but the trend was not the same for each species. For P. sibirica, the relative contribution of stem biomass to the total AGB increased from 66% for the small-diameter class (<10 cm) to 76% for the medium-diameter class (10-20 cm); however, the relative contribution decreased slightly to 65% for the large-diameter classes (30-40 cm) due to the extensively higher relative contribution of branch biomass to the total AGB. For P. suaveolens, L. Sibirica, P. obovata, B. platyphylla and the five species combined, the relative contribution of stem biomass to the total AGB increased with increasing tree diameter classes. In general, the relative contribution of branch biomass to the total AGB increased with increasing diameter classes for P. sibirica, B. platyphylla, P. suaveolens and the five species combined; however, the relative contribution decreased for L. sibirica and P. obovata. For all five tree species, Forests 2019, 10, 661 7 of 17 the relative contribution of foliage biomass to the total AGB decreased with increasing tree diameter class ( Figure 2 ). with increasing tree diameter classes. In general, the relative contribution of branch biomass to the total AGB increased with increasing diameter classes for P. sibirica, B. platyphylla, P. suaveolens and the five species combined; however, the relative contribution decreased for L. sibirica and P. obovata. For all five tree species, the relative contribution of foliage biomass to the total AGB decreased with increasing tree diameter class ( Figure 2 ). 
Allometric Biomass Equations
In this study, we tested three candidate log-transformed allometric equations (Equations (4)- (6)) to develop the best and most accurate allometric models for estimating the foliage, branch, and stem biomass and the total AGB for the five tree species. The results of the regression analysis and analysis of variance of the fitted equations and validation statistics are presented in Table 4 . In addition, the analysis of multicollinearity for Equation (6) and residual analysis for all equations were did and the results were showed for all the best equations (Table S2 and Figure S2 ). All regression equations had good fits (p < 0.001). The models with high R 2 values, low MAB, RMSE, and AICc values and ∆AICc differences were used to choose the best-fit models. If the difference between the MAB and RMSE values and the difference between the AICc scores of the compared equations were insignificant and differed slightly more or less, then the equation with a higher R 2 value was selected (Table 4 ). Therefore, the best performing and accurate allometric models that were found differed among the different species and different components. For example, the equation lnŶ = lna + b × lnD + c × lnH was selected as the best model for each component and the total tree AGB of B. platyphylla and L. sibirica, for the stem biomass of P. suaveolens and P. obovata, and for the branch biomass of P. obovata. The equation lnŶ = lna + b × ln(D 2 × H) was selected for each component and the total tree AGB of P. sibirica and for the branch and foliage biomass of P. suaveolens. The equation lnŶ = lna + b × ln(D) was selected only for the foliage biomass of P. obovata ( Table 4 ). All of the "best equations" showed a significant and robust fitting effect for predicting a given component biomass or total AGB. The mean R 2 values for the fitted biomass of foliage and branches were 0.83 and 0.93, respectively, and those for the stems and total AGB were 0.99 and 0.98, respectively. The combined variables of D and H explained more than 80.0% of the variation in most of the biomass components, except for the foliage biomass (74.7%) of B. platyphylla ( Table 4) .
The cross-validation for our best equations, using the leave-one-out method, showed that the stem, branch and total AGB best equations were robust, although the R 2 values for foliage equations were lower, the validation results were significant which indicated that the best equations were reliable and could be used in the investigation of forest biomass stocks and changes in Khangai region, Mongolia (Table S3 , Figure S3 ). Note: * indicates that the p value for all allometric equations is <0.001; lna, b and c are the fitted parameters; R 2 is the coefficient of determination; RMSE is root mean square error; MAB is mean absolute bias; AICc is Akaike information criterion; ∆AIC is the minimum of the AICc values; and CF is correction factor. The statistical values pivotal for the selection of the relevant regression model, which is more suitable for biomass prediction, are printed in bold.
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Discussion
Biomass Partitioning
DBH is a representative indicator of biomass allocation, and trees with different DBH sizes have different biomass allocation strategies [37] . In this study, the DBH for all of the tree samples was divided into five classes: <10 cm, 10-20 cm, 20-30 cm, 30-40 cm and >40 cm. The results showed that the proportion of foliage biomass decreased gradually with increasing basal diameter, which indicates that relatively more biomass was allocated to the trunk and roots to absorb nutrients for improved growth. This result was consistent with previous studies [10, 25, 31] . Nevertheless, the proportions of stem and branch biomass did not show a clear trend for the five tree species. This finding may be because the DBH of the trees was not large enough to show certain regularity. However, Vargas-Larreta et al. [38] found that the proportion of stem biomass in pine trees increased with diameter, although the proportion of foliage biomass decreased and was fairly stable for the branch biomass. Similarly, in the current study, the relative contribution of foliage biomass to the total AGB decreased for all five species as the tree stem diameter increased, which was consistent with recent previous studies [10, 26, 38] . Additionally, we also found that the proportion of stem biomass increased gradually with increasing tree age, while the proportions of branch and foliage biomass decreased with increasing age ( Figure S1 ), which is consistent with many previous studies [27, [39] [40] [41] [42] . These findings suggest that more biomass will be allocated to the stems in old trees, which allows the trees to immobilize themselves better and transport more water and nutrients into photosynthetic components.
Biomass Equation
Many studies have focused on typical allometric equations based on power function models to improve biomass estimations. In this study, we chose three allometric equations as candidates to estimate the biomass equations. The equation with one variable,Ŷ = aD b (1), provides reasonably accurate biomass predictions for many species, sites and regions [7, 19, 29, 43] , but the inclusion of tree height in single diameter allometric models results in more accurate biomass predictions [25, 26, [43] [44] [45] [46] [47] .
The equationŶ = a(D 2 H) b (2) improved the model fit for the total AGB and stem and root biomass [44, 45] and for all biomass components of some species and the AGB [38] . The equationŶ = aD b H c (3) was the most suitable for predicting the stem volume and biomass [25] and needle biomass for all tree species [21] . In the current study, species-specific component and total AGB log-transformed models for the Khangai region were developed using tree diameter at breast height (D), D 2 and height combined (D 2 H), and both D and H were independent variables. The log-transformation of real data resulted in the homoscedasticity of the dependent variable, AGB [48] . The results of our study on the development of tree components and total AGB were consistent with many of the aforementioned previous studies. We compared our best stem biomass equations for L. sibirica and B. platyphylla in the Khangai region with the stem biomass equations published by Battulga et al. [21] for Altai Mountain, Dulamsuren et al. [12] for a forest-steppe in Mongolia, Usoltsev et al. [49] for Eurasia and Dong et al. [26] for China. Figure 3 shows that the line of our equation is the closest to the line (1:1) of the measured stem biomass. The comparison between our best equation with the equations from previous studies for the estimation of the stem biomass of L. Sibirica showed that the equation from Battulga et al. [21] underestimated stem biomass, and the equations from Dulamsuren et al. [12] and Usoltsev et al. [49] overestimated stem biomass (Figure 3) . Additionally, the comparison for the estimation of the stem biomass of B. platyphylla showed that the stem biomass equation from Dong et al. [26] underestimated stem biomass, while the equation from Usoltsev et al. [49] overestimated stem biomass (Figure 3 ). Consequently, we can assume that our equations successfully predicted the stem biomass in this region. In many studies, four tree components (e.g., stems, roots, branches, and foliage) are involved in development. The sum of biomass predictions from separate tree component models may not equal the biomass prediction of the total tree biomass model [50, 51] . To eliminate this inconsistency, several model specifications and estimation methods have been suggested for forcing additivity on a series of biomass equations, both linear and nonlinear [45, [51] [52] [53] [54] [55] . The property of additivity assures regression functions that are consistent with one other. That is, if the biomass of one tree component is part of the total tree biomass, it is logical to expect the estimate of the part not to exceed the estimate of the total tree biomass [51] . Consequently, we examined the consistency between the total AGB calculated as the sum of the best models for the above-ground component biomass with stems, branches and foliage, y = ystem + ybranch + yfoliage (procedure 1 in Parresol [51] ), and predicted the total tree AGB of the best models for each of the five tree species (Figure 4) . The Wilcoxon rank sum test was used due to the non-normality of those data. The results showed that the predicted total tree AGB of the best models (Estimation 1) and the AGB calculated as the sum of the best models for the above-ground component biomass (Estimation 2) differed slightly (Figure 4 ). For the statistical population of sample trees, the mean differences between the total tree AGBs calculated by the best models and the sum of the best models for the above-ground component biomass for each species were very small (from 0.3 kg to 3.1 kg, but 16.9 kg for P. suaveolens), and the p values were 0.91-0.99 (Table S1 ). Thus, the differences in means were not statistically significant. Additionally, the differences between the total tree AGB measured and calculated by the best models for the total AGB and the sum of the component biomass were not statistically significant (minimum p values 0.889 > 0.05), indicating that all best models for the total tree AGB and the sum of the component biomass can be used in forest inventory practices. However, the total AGB calculated by the sum of the component biomass models (procedure 1 in Parresol [51] ) was slightly better. However, it is necessary that the sum of the best above-ground component biomass models equal the total in the AGB models. For this purpose, we suggest a one-step proportional weighting system for AGB based on a disaggregated model structure (namely, a two-step proportional weighting system, the TSEM method) proposed by Tang et al. [52] ; this structure was successfully interpreted as a three-step proportional weighting system, the 3SPW method, and has been implemented in China [54] and Russia [55] . Using the disaggregation method, the total tree predicted AGB, Ŷ , stem (wood + bark) biomass, (X), branch biomass, (X), and foliage biomass, (X), are separately fitted, and the best models are selected. The sum of these component models must be estimated. The estimated total tree In many studies, four tree components (e.g., stems, roots, branches, and foliage) are involved in development. The sum of biomass predictions from separate tree component models may not equal the biomass prediction of the total tree biomass model [50, 51] . To eliminate this inconsistency, several model specifications and estimation methods have been suggested for forcing additivity on a series of biomass equations, both linear and nonlinear [45, [51] [52] [53] [54] [55] . The property of additivity assures regression functions that are consistent with one other. That is, if the biomass of one tree component is part of the total tree biomass, it is logical to expect the estimate of the part not to exceed the estimate of the total tree biomass [51] . Consequently, we examined the consistency between the total AGB calculated as the sum of the best models for the above-ground component biomass with stems, branches and foliage, y = y stem + y branch + y foliage (procedure 1 in Parresol [51] ), and predicted the total tree AGB of the best models for each of the five tree species (Figure 4 ). The Wilcoxon rank sum test was used due to the non-normality of those data. The results showed that the predicted total tree AGB of the best models (Estimation 1) and the AGB calculated as the sum of the best models for the above-ground component biomass (Estimation 2) differed slightly (Figure 4 ). For the statistical population of sample trees, the mean differences between the total tree AGBs calculated by the best models and the sum of the best models for the above-ground component biomass for each species were very small (from 0.3 kg to 3.1 kg, but 16.9 kg for P. suaveolens), and the p values were 0.91-0.99 (Table S1 ). Thus, the differences in means were not statistically significant. Additionally, the differences between the total tree AGB measured and calculated by the best models for the total AGB and the sum of the component biomass were not statistically significant (minimum p values 0.889 > 0.05), indicating that all best models for the total tree AGB and the sum of the component biomass can be used in forest inventory practices. However, the total AGB calculated by the sum of the component biomass models (procedure 1 in Parresol [51] ) was slightly better. However, it is necessary that the sum of the best above-ground component biomass models equal the total in the AGB models. For this purpose, we suggest a one-step proportional weighting system for AGB based on a disaggregated model structure (namely, a two-step proportional weighting system, the TSEM method) proposed by Tang et al. [52] ; this structure was successfully interpreted as a three-step proportional weighting system, the 3SPW method, and has been implemented in China [54] and Russia [55] . Using the disaggregation method, the total tree predicted AGB,Ŷ a , stem (wood + bark) biomass, f s (X), branch biomass, f b (X), and foliage biomass, f f (X), are separately fitted, and the best models are selected. The sum of these component models must be estimated. The estimated total tree AGB,Ŷ a , is proportionally divided into estimates of stem biomass,Ŷ s , branch biomass,Ŷ b and foliage biomass,Ŷ f , as follows:
The one-step proportional weighting system proved to be good for ensuring the additive property of nonlinear biomass model systems ( Table 5 ). 
Applied Evaluation
In this study, equations for three components and the total AGB for the five major tree species in the Khangai forest region of Mongolia were established for the first time using tree-level inventories data of this region. As discussed previously, the application of the equations in this study to the same species in other areas will lead to deviations in biomass estimates. Therefore, the application of the biomass equation in this study has certain regional limitations. In addition, within 
In this study, equations for three components and the total AGB for the five major tree species in the Khangai forest region of Mongolia were established for the first time using tree-level inventories data of this region. As discussed previously, the application of the equations in this study to the same species in other areas will lead to deviations in biomass estimates. Therefore, the application of the biomass equation in this study has certain regional limitations. In addition, within the range of D and H measured in this study, the biomass equation fits achieved good results, and the fitting effect of biomass beyond the range of the D and tree height measured in this study needs further verification.
Conclusions
In this study, we examined AGB allocation, including the stem, branch and foliage biomass proportions, for five tree species in boreal forests and developed allometric species-specific component and total AGB models for the Khangai forest region of northern Mongolia. The largest biomass proportion of all five species combined was in the stems (75%), followed by the branches (20%) and foliage (5%). The equation based only on D proved to be best for predicting the foliage biomass of P. obovata. Including H as an additional predictor in the equation as D 2 H improved the component and total AGB for P. sibirica and the branch and foliage biomass for P. suaveolens. The equation with both the D and H as predictors significantly improved the predictions of the component and total AGB for B. platyphylla and L. sibirica as well as the predictions of the stem and branch biomass for some species. Our results highlight that developing species-specific component and total AGB models was very useful for providing significant and accurate estimations of forest biomass in the Khangai region of northern Mongolia.
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